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Lasing.has been achieved at 10.6 microns using a double
discharge C0„ TEA configuration. The double discharge con-
figuration utilizes three electrodes. The third, "trigger,"
electrode in this particular device consists of glass encap-
sulated nichrome wires. The third electrode is responsible
for corona formation—the dominant preionization mechanism.
A parametric analysis of the discharge was conducted. The
discharge was found to be dependent on the gas mixture, the
gas flow rate, the voltage rise time and the voltage pulse
shape. It was found that satisfactory discharge operation
leading to lasing was limited to a very small region of
parameter space having a helium percentage of not less than
90% (with 5% C0~ and 5% N„), and a rise time on the order of
3 usee. Lasing action yielded 5 joules/pulse. The energy
was limited by the optical components used, and it is felt
that the energy can be increased to approximately 18 joules/
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Lasing has been achieved at 10.6 microns using a double
discharge C0~ TEA configuration. In addition, a thorough
investigation of the discharge has been carried out. This
thesis reports the results of that investigation and details
the efforts leading to the achievement of the laser output.
More specifically, the details of the investigative efforts,
the output characteristics of the laser and the limitations
to the present configuration are covered.
Chapter two details the changes that were made to the
cavity which had been built and used for preliminary investi-
gative work at the Naval Postgraduate School. It also de-
scribes a new cathode-trigger design which was built but not
experimented with and briefly discusses the parameters of
the optical cavity.
Chapter three discusses the preliminary investigations
which were carried out and relates previous findings regard-
ing the physics involved in spark formation to the operation
of a double discharge electrode configuration. During the
preliminary investigation, corona formation near the surface
of the sawtooth cathode rather than photoionization was esta-
blished to be the dominant preionization mechanism at work
in this system. Some research was also conducted which esta-
blished that the operation of the laser was very sensitive






A parametric study was conducted to find the relation-
ships between the seemingly important parameters such as
the applied voltage, the maximum discharge voltage, the
maximum discharge current, the circuit rise time and the
helium percentage of the gas mixture. The study revealed
that the maximum attainable discharge current, and subse-
quently the maximum power, were strongly dependent on the
helium percentage of the gas mixture and the rise time of
the circuit. This dependence was found to limit satisfac-
tory operation to configurations with rise times on the or-
der of 3 usee + approximately .5 usee. Perhaps more
significantly, it was found that satisfactory operation
could not be achieved with gas mixtures comprised of much
less than 90% He. This greatly restricts the capability of
the system.
Investigation showed that under good discharge condi-
tions the maximum current through the plasma exhibited a
strong dependence on the applied voltage. The voltage
across the plasma under the same conditions appeared to be
independent of the applied voltage. The voltage, on the
other hand, showed a strong dependence on the percentage of
helium present in the gas mixture. The maximum discharge
voltage increased with decreasing helium content.
The value of (E/p) was looked at for helium percent-r max r
ages ranging from 95% to 85%. This quantity was found to
vary strongly with He%. The values found ranged from 8.8
V/cm«torr at 95% He to 12.9 V/cm«torr at 85% He. Using

(E/p) = 8.8 V/cm'torr, the electron drift velocity wasr max J
c
calculated to be on the order of 9 x 10 cm/sec and the
12 -3
electron density on the order of 10 cm
Finally, the discharge resistance was looked at as a
function of time. It was found that in general as the
helium content of the gas mixture was increased, the mini-
mum value of the discharge resistance decreased. In addi-
tion, the discharge resistance tended to remain low for a
longer period of time for helium rich mixtures. This is
the same "window effect" that has previously been reported
in Ref. 2.
The preliminary lasing investigations carried out to
date yielded an output of 5 joules/pulse from a discharge
condition yielding 175 joules in the discharge. Lasing
operation has thus far been limited by the quality of the
optics and instability of the optical bench and mirror
mounts. Both of these limitations can be easily overcome.
Optimizing the optics should readily increase the output
energy to about 11 joules/pulse.
The power in the laser pulse was measured as a function
of time. It was characterized by a large amplitude peak
of approximately .4 ysec duration with a tail lasting
approximately 2 ysec.
The discharge condition which has thus far been used
for lasing is not the optimum discharge energy condition
but was chosen for experimental use because of its repro-
ducability. Utilization of another discharge condition

which has coupled as much as 285 joules/pulse into the dis-
charge along with optimization of the optics should yield





Although the general construction of the laser cavi-
ty was the same as that described in Ref. 2, several changes
were made during the course of experimentation.
During the early stages of experimental work, while
exploring the operational parameters associated with a 2 cm
gap, it was found that there was a tendency for arcing to
occur between the exposed portion of the trigger wires and
the cathode. At the same time, it was found that the most
likely mode of failure for the glass enclosed trigger wires
was through fracture at the end of the glass rods. Fracture
at this location was attributed to the cathode-trigger geo-
metry which caused large electric field concentrations at
the tips of the nichrome trigger wires . It was found that
by encasing both the exposed wires , along with the copper
bar and incoming trigger connection, and the ends of the
glass rods in an RTV silicone rubber compound both of these
problems could be satisfactorily overcome. Of the many RTV
silicone rubber materials available , the material chosen
for use was a dimethyl RTV compound (G.E. RTV-602). G.E.
SRC-05 was used as the catalyst in preparation of the RTV
compound. Typical electrical properties of G.E. RTV-602
which made it useful for this insulating application were:
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Dielectric Strength (0.075" thick) 500 V/mil
. . 14Volume Resistivity • 1x10 ohm* cm
Prior to application of the RTV compound, the surface was
cleaned using acetone and then primed with G.E. SS-M-OOI
silicone primer. The areas to be covered were encapsulated
by pouring the RTV compound into lucite forms.
The incidence of fracture at the ends of the trig-
ger wires, and the resultant arcing at these points, was
further reduced by reversing the polarity of the applied
voltage and then leaving the trigger wires and anode at
ground potential while swinging the cathode to a negative
potential. This was done by taking a positive voltage from
the power supply. The polarity of the voltage was reversed
by the Marx generator and a negative potential applied as
desired. This configuration reduced the electric field
intensity at the ends of the trigger wires.
In an effort to isolate the cathode assembly, the
physical arrangement of the anode and cathode-trigger assem-
bly was inverted from that shown in Ref. 2. The cathode-
trigger assembly was suspended from the top of the cavity
and the anode fixed at the bottom of the cavity.
Experimental work showed that the two outlet ports
for the gas mixture, described in Ref. 2, were unnecessary
to vent the gas to the atmosphere. It was found that by
changing the outlet ports to inlet ports satisfactory gas
flow could be achieved while operating with a slight
11

overpressure in the cavity and venting through the cracks
inherent in the cavity corners, etc.
2 . New Design
A second cathode, similar to that described by Pan
in Ref. 3, was built but has not been tested. This cathode-
trigger assembly is shown in Figures 1 and 2.
The dimensions of the lucite base plate are 40" x
12" x 1". This base plate was designed to interface with
the anode and cavity which are currently in use. The cathode
assembly consists of 131 aluminum cathode blades constructed
of 1/64" thick aluminum. The blades are 4" long and 1" high





in order to reduce the electric field intensity in
these regions. The blades are separated by 1/4" lucite
spacers and are electrically connected by two threaded brass
rods .
As in the sawtooth design, the trigger assembly con-
sists of glass encased nichrome wires. The glass rods are
7/32" in diameter and are approximately 7 5/16" in length.
This design uses 130 trigger wires positioned between the
cathode blades with the trigger wire at the same height as
the edge of the cathode blade and parallel to the edge of
the cathode blade. The height of the cathode blades and the
positioning of the trigger wires is critical.
With this cathode-trigger assembly a greater corona
is expected. This expectation is based on geometric im-
provements over the original design. The geometry of this
12

design allows the trigger wires to be placed in the closest
proximity to the sharp edges of the cathode blades, the
orientation which allows the greatest electric field and
maximum corona formation.
B. OPTICAL
An analysis of the resonant cavity for the C0„ TEA
laser was included in Ref . 2. The back mirror may be either
a flat polished copper mirror or the same 4" diameter, three
meter radius of curvature polished copper mirror used pre-
viously. Copper is, of course, a good choice for this mirror
because of its nearly perfect ,98 . 8% , reflectance of radiation
above .9 micron wavelength [3],
As cited in both Ref. 1 and Ref. 2, either of two methods
may be used to satisfactorily achieve output coupling of
the laser energy. First, and most simply, a mirror construc-
ted of material such as polished copper which has a high
reflectance may be used if a hole is drilled in the center
of the mirror. When used in a high gain system with a
hole size small compared to the mode spot size , this method
is as effective as the use of a partially reflecting mirror;
the method to be discussed later in this section. In addi-
tion to the flat circular polished copper mirror with a
.79mm output hole cited in Ref. 2, mirrors of the same size
and surface finish were machined with output holes graduated
in size from 1/8" to 1".
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The second method of output coupling is through use of a
solid back mirror fabricated from a material which is only
partially reflecting to radiation of the wavelength of inter-
est--10.6 microns in this case. The transmission coefficient
of the mirror must be sufficient to achieve optimum output
without unduly damping laser oscillation in the cavity. A
4-1/2" diameter germanium mirror 15/32" thick was selected
for use as the front mirror. In general, germanium is a good
material for use in transmitting components for several rea-
sons. (1) It has a high thermal conductivity which allows
efficient cooling and reduces the chance of damage at high
power operation. (2) It has relatively low absorption. The
absorption of germanium at 10.6 microns is dependent on both
purity and temperature. Typically, the germanium used for
optic applications will absorb between .7% and 1% per mm. (3)
Germanium can be polished to a high quality optical finish.
Typical material properties of germanium are shown
below in Table I.
TABLE I
Material Properties of Germanium













Typical spectral data for germanium is shown in Fig-
ure 3. It can be seen from this figure that the trans-
mission at 10.6 microns is approximately 45% [5].
When the germanium mirror was used, an arsenic trisul-
fide lens was used to focus the output beam. The spectral





1 . Discharge Geometry
As mentioned previously in the section dealing with
construction, the early experimental work with a 2 cm gap
showed a tendency for arcing to occur, particularly between
the cathode and the ends of the trigger wires. This ten-
dency, as might be expected, was greatest in the regions of
high field concentrations - the ends of the trigger wires
being the highest such region. It was found that arcing,
causing damage to the glass rods, occurred at some voltage
below 50 kV. The application of G.E. RTV-602 compound,
with its insulating properties, was a first step in elimi-
nating the problem. In addition, it was felt that this
tendency toward arcing could be further reduced by letting
the anode and trigger wires remain at ground potential while
swinging the cathode to a high negative potential. This had
the effect of reducing the field concentrations at the ends
of the trigger wires, and, at the same time, it was expected
that the change would have no effect on the electric fields
within the anode-cathode gap. This was found to be true in
further experimental work with the 2 cm gap. The operation
was found to be very similar to operation before the change
with the exception that, as desired, the tendency to arc at
the ends of the trigger wires was eliminated.
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Fracture of the glass tubing surrounding the trig-
ger wires had not been completely eliminated at this point.
Several fractures occurred after the indicated changes were
made; however, they occurred in regions close to the sharp
cathode edges and occurred as a result of higher voltages
i.e. voltages of approximately 50 kV . It is not surprising
that this was the region of greatest fracture incidence
since following the indicated changes these were the regions
of highest field concentrations.
2 . High Voltage Search
a. Motivation
Following this work with the discharge geometry,
a good deal of effort was expended in searching for a high
voltage regime that would result in a uniform, reproducible
discharge condition. Several published works including
Ref. 7 by Laurie and Hale, Ref. 8 by Rampton and Gandhi and
Ref. 9 by Pearson and Lamberton indicated that the desirable
operating regime was bounded not only on the high end by
some arcing potential but also on the low end. This is sur-
prising and is very different from operation of a two elec-
trode gap which, for a given set of conditions, exhibits
one arcing threshold. It must be pointed out that these
three papers dealt with laser electrode configurations
unlike the one of interest here. Figure 5 is a reproduction
of Figure 6 taken from the paper by Pearson and Lamberton.
As can easily be seen, their results show that there is an
operating regime that has both well defined upper and lower
17

limits beyond which their experimentation showed that arc-
ing inhibited laser action. They found that the lower
limit was defined by a single bright arc which they claimed
was probably related to the dc breakdown potential while
it appeared that at the higher voltage limit a glow-to-arc
transition occurred since a bright arc superimposed upon a
uniform discharge was observed. Laurie and Hale, in their
paper dealing with the operating characteristics of a pin-
electrode C0~ TEA laser, found that with regard to the
laser output the energy increased and the frequency of
bright arcs decreased with increasing voltage, again, indi-
cating some lower boundary condition. Similar findings
were presented by Rampton and Gandhi in Figure 7 of their
paper. They found that the effect of localized arcing in-
creased with decreasing voltage
,
all other parameters being
held constant
.
As previously stated, the electrode configura-
tions used in the experimentation cited in these references
were quite different from the double discharge configura-
tion considered here. Nevertheless, it was felt that it
would be useful to conduct an investigation to determine
whether or not an operating region with both a well defined
upper and lower boundary could be found for the double dis-
charge laser. In an unsuccessful effort to find such a high
voltage regime, voltages ranging from 15 kV to 45 kV , corres-
ponding to electric fields in the 2 cm gap of 7.5 kV/cm to

22.5 kV/cm, were applied. Pearson and Lamberton had found
that the upper glow regime onset occurred at values of
electric field ranging from 7.7 kV/cm to 20.8 kV/cm depend-
ing on the helium percentage of their gas mixture while
Laurie and Hale found onset values ranging from 9 . 4- kV/cm
to 21.8 kV/cm and Rampton and Gandhi found values of 8 kV/
cm to 14 kV/cm. It was concluded that arcing with the
present double discharge configuration serves only to
delineate an upper boundary for the operating regime. The
lower boundary is not as pronounced and is marked only by
a degradation and then cessation of operation.
b. The Three-Point Effect and Photoionization
In 1926 C. E. Wynn-Williams published an article
entitled "An Investigation into the Theory of the Three-
Point Gap," [10] in which he presented the results of his
experimentation into the phenomenon known as the three-
point effect. The phenomenon of the three-point effect is
as follows. Consider two electrodes of a spark gap con-
nected to an impulsive high potential apparatus , for any
given set of conditions there will be a definite maximum
width of the gap, depending on the peak voltage, the dimen-
sions of the electrodes, etc. , for which a spark can pass
regularly. If the gap width is increased, the other condi-
tions remaining the same, the spark will not pass. If a
third pointed electrode is brought near one of the other
two electrodes the spark might again pass across the main
gap. It was found that the third electrode could be either
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isolated or at the same potential as one of the other elec-
trodes. It could not, however, be at ground potential.
Wynn-Williams found that it did not seem to make any differ-
ence which of the main electrodes the third approached unless
one was grounded in which case the other must be approached
for the phenomenon to be observed. The main gap spark was
accompanied by a corona discharge between the third electrode
and its neighboring main electrode. It was found that the
corona discharge might be either a visible (pilot) discharge
or a silent discharge. Even in a dark room, the silent
discharge could not be observed. Wynn-Williams concluded
that the three-point effect was caused by the ionization of
the gas in the main gap by radiation emitted by the pilot
or silent discharge. The radiation responsible for the
effect was thought to be Entladungstrahlen which lies in
the region of wavelength less than ultra-violet and greater
than soft x-rays. He also concluded that disturbances in
the field, passage of ions into the gap, or photo-electric
effects produced by the radiation or by ultra-violet light,
while possibly assisting in, are not essential for, the
three-point effect.
It can then be seen that the presence of the
third electrode has a very real effect on the behavior of
the discharge. While the phenomenon described by Wynn-
Williams is very different from that described in Refs. 7,
8, and 9, it should be pointed out that the electrode con-
figurations described in those three references are all
20

multi-electrode configurations satisfying the criterion
established by Wynn-Williams that the third electrode must
be able to "see" the gap either directly or by reflection.
In the configuration used by Pearson and Lamberton, the
third electrode is a fine tungsten wire. In the configura-
tions used by Laurie and Hale and by Rampton and Gandhi the
third electrode may be any of the pins satisfying the
above criterion.
Streak photograph analysis showed photoemission
from the discharge between the tungsten wire and the anode
to be the mechanism responsible for discharge initiation in
the solid cathode laser design used by Pearson and Lamberton.
The photons then cause ionization at the cathode surface and
the discharge begins from the cathode.
The preionization mechanism responsible for the
discharge in the pin type lasers is not as clear. However,
due to the small surface area involved in such a system,
the mechanism is more than likely a volume photoionization
attributed to the radiation from the "third electrode" dis-
cussed by Wynn-Williams.
It is speculated here that strong photoioniza-
tion processes, which onset at high voltage, may alter arc
formation times in the laser discharges of Pearson and
Lamberton , Laurie and Hale and Rampton and Gandhi . The
alteration of the arc formation time at high voltage may
then lead to the two arcing thresholds that they observed.




c. Theory of the Electric Spark
A brief discussion of spark formation is in or-
der at this point. In their book, The Mechanism of the
Electric Spark
,
[11] published in 1940, Meek and Loeb de-
scribed the growth and propagation of an electric spark.
The application of sufficient voltage to a two electrode
gap will cause an electron avalanche from the cathode to
the anode with the resultant growth of a streamer from the
anode leading to a spark channel. The time that it takes
a spark to develop once the avalanche has begun at the
cathode is the formative time lag (x f ). The formative time
lag is inversely proportional to the over voltage applied
to the gap and thereby to the applied fields. The streamer
is a conducting plasma with an ion space charge localized
at its tip. The streamer advances toward the cathode as a
sharply pointed "finger". The geometry of the leading
point of the streamer, the localized space charge, plus the
effectively decreasing anode-cathode distance at this
point leads to a large space charge electric field in the
region of the point. This space charge field exceeds the
applied field to the gap.
The three configurations that have been discussed
are fast systems characterized by rise times on the order
of 100 nsec and peak widths of 100-300 nsec. In the absence
of any preionization or in the event of insufficient pre-
ionization, the very large space charge fields associated
with streamer growth make it highly possible that the
22

formative time lag will be less than the rise time of the
voltage i.e., a spark will form in a time that is short
compared to the time that the voltage can reach its maxi-
mum value and then get back down to a value too small to
support breakdown. As the preionization is increased,
many avalanches will begin from the cathode leading to the
growth of many streamers from the anode and an attendant
decrease in the space charge electric field concentration
at the streamer tips . The decrease in space charge field
concentrations is explained as follows. The many streamers
will have a homogenizing effect on the space charge distri-
bution and the associated field will approach a flat plate
configuration. With the space charge field reduced due
to strong photoionization , it would be possible for x^ to
increase to a value greater than the discharge pulse width
(x,) so that the gap would no longer break down in a
localized arc. As the voltage across the gap is increased,
a point will eventually be reached at which although suffi-
cient preionization is provided to create the homogenizing
effect just described, the overvoltage will be sufficient
to again reduce t to a value equal to or less than t,
returning the configuration to an arcing regime.
So, we may explain the double arcing boundary
in the following way. The arcing regime at low voltage is
associated with the usual breakdown experienced in two-
electrode experiments. Photopreionization from adjacent
electrodes is not important here because the applied
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voltages are too low. The arc formation time is shorter
than the discharge time. As the voltage is increased,
photopreionization of the gap from adjacent electrodes in-
creases thereby increasing the arc formation time. When
the voltage is increased to a level at which x f > T, ,
arcing no longer occurs during the discharge. This is the
lower threshold of the glow regime. Now, as the voltage
is further increased, the space charge homogenization
effects of the photopreionization will eventually be offset
by the growing applied field. That is, once the ideal
"parallel plate" configuration for the space charge field
is established by photoionization , further increases in
the externally applied field will cause a linear increase
in the space charge field in the gap. Thus, with further
voltage increase
,
the arc formation time again begins to
decrease. The applied voltage at which T f < t, defines
the beginning of the upper voltage arcing regime.
B. PREIONIZATION -IN THE DOUBLE DISCHARGE LASER
In considering the double discharge laser configuration
of interest here , it is important to note that the charac-
teristic rise time for the current ranged from 1 usee to
3.6 usee rather than being on the order of 100 nsec. It
might then be speculated that a different mechanism is res-
ponsible for a good glow condition in this system. It is
then desirable to determine what mechanisms contribute to
the achievement of a good glow condition in this system.
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There are three possible preionizing mechanisms to be con-
sidered: (1) corona formation near the surface of the saw-
tooth, (2) photoionization of the surface of the flat
electrode, and (3) volume photoionization of the gap. Since
the photon range is on the order of 5 cm to 6 cm [10] , none
of these mechanisms can be ruled out solely on the basis
of geometric considerations.
In an effort to experimentally isolate the responsible
mechanism, both positive and negative potentials were
applied to the sawtooth. Application of 22.5 kV across the
2 cm gap containing gas mixtures of 9 5% and 80% He gave dif-
ferent results for the different polarities. When the saw-
tooth electrode was given a positive potential with respect
to the flat electrode, consistent arcing occurred; however,
when the polarity was reversed a uniform glow discharge was
consistently observed.
In concluding which preionization mechanism contributed
to the achievement of a uniform glow condition in the double
discharge laser, several points must be made. It would have
been expected that if volume photoionization were the domin-
ant preionizing mechanism, operation would have been independ-
ent of electrode polarity. Similarly, photoionization of
the flat surface would favor the positive sawtooth configura-
tion and corona formation near the sawtooth would favor a
negative sawtooth. Since it was found that glow operation
was attainable only with the latter arrangement, it was
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concluded that corona formation near the sawtooth was the
preionizing mechanism contributing to the achievement of a
uniform glow discharge.
C. CIRCUIT INVESTIGATIONS
1. Variation of the Voltage Slope (dV/dt)
The research done by both Pan [3] and Dumanchin
[12] has indicated that dV/dt, the time rate of change of
the voltage applied to the gap, is a relevant parameter to
be considered with regard to the operation of double dis-
charge C0
?
TEA lasers. In an effort to look at the results
of varying this parameter, the operation of the two circuits
shown in Figure 6 was observed. The other relevant para-
meters such as voltage rise time (t ), the maximum voltage
across the gap and the gas mixture in the cavity were held
constant to isolate the effect of dV/dt.
Figure 7 shows the shape of the voltage pulse appear-
ing across the gap for both circuits prior to breakdown as
well as dV/dt for both cases. The figures are not meant to
indicate the shape of the voltage or of dV/dt after break-
down of the gap. The pulse shapes, as presented, are
idealized shapes. As such, they are accurate only until
such time as the impedance of the gap is reduced to a value
comparable to that of R or C„ at which time the simplifica-
tion of the gap as an open circuit is no longer valid.
The distinguishing characteristic of the two circuit
configurations is the manner in which the voltage across the
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gap varies with time. For the fast circuit, the voltage
varies as V^ a V sin wt . Initially, this voltage increases
r o °
rapidly. The rate of increase then decreases with time.
Conversely, in the circuit used by Pan, a slowly increasing
voltage which varies as V a V (1-cos 2cot)is initiallyto p o J
applied across the gap. The maximum rate of increase
occurs at T/4 (T = 2tt/w) a time corresponding to one-half
the rise time of the circuit. At this time, the rate of
increase of the voltage across the gap is equivalent to
twice the maximum rate of increase for the fast circuit.
It should be noted that the above comments regard-
ing the shape of the voltage pulse and the time rate of
change of the voltage for the fast circuit are based on
the use of an underdamped configuration. In the case of
an overdamped circuit, the voltage pulse initially rises
as sinh cot and the derivative shape varies initially as
cosh cot. Since sinh cot and cosh cot initially rise more
rapidly than sin cot and cos cot respectively, the conclu-
sions reached later in this section are valid in either the
overdamped or the underdamped case.
It was found that it was possible to achieve a weak
glow discharge with the fast circuit. The glow was achieved
in an 80% helium gas mixture using a rise time of 1 ysec.
The discharge voltage was only 10 kV and the current only a
few hundred amperes (ll/MR/22). An effort to increase the
discharge voltage and current by increasing the applied
voltage caused arcing. Using Pan's circuit with the same
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gas mixture and the same rise time, a discharge voltage of
20 kV and a discharge current of 700 amperes was achieved
(6/N/3). Again, efforts to increase these values by in-
creasing the applied voltage caused arcing to occur.
A more direct comparison of the two circuits was
found when operating with a 95% He mixture and a rise time
on the order of 1.2 usee. Pan's circuit produced a glow
with an associated current of 1100 amperes for a voltage
across the gap of 13 kV (19/N/3). At this condition, a
slight increase in voltage caused arcing. Operation of the
fast circuit at these conditions was impossible since arcing
occurred for discharge voltages on the order of 10 kV (la/
MR/22)
.
In general it can be stated that the use of Pan's
circuit yielded both high currents and uniform discharges.
This was not true of the fast circuit. It therefore does
not appear that a powerful, uniform discharge sufficient to
produce lasing action in the double discharge device is pos-
sible with the fast circuit in the rise time regime of .7
usee to 3.6 usee which was investigated.
Both Pan [3] and Dumanchin [12] were unsuccessful
in their attempts to use the fast circuit to achieve spa-
tially uniform breakdown of the gap in preparation for las-
ing. Pan stated that, "It is important to note that although
the rise and fall time criteria were followed, some circuits
did not give expected performance. The parameter that was
varied with these circuits was the slope of the high voltage
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pulse near the beginning. When the voltage pulse rose
rapidly, we observed a sharp current pulse, with a full
width at the base, of less than 0.5 usee in the trigger
discharge and no main discharge current until arcing oc-
curred. Even when the arcing in the main gap occurred,
several micro-seconds after the start of the voltage pulse,
no corona current was observed in the trigger gap after
3
the initial spike. The performance of the D (double dis-
charge device) improved when the initial voltage pulse
slope was decreased. In that case we observed a slow-ris-
ing trigger discharge current , which continued for about
2 ysec without the initial spike , and a large main discharge
current. Thus, in addition to the rise and fall time re-
quirements, the initial slope of the high voltage pulse
must be kept small."
There seem then to be two possible explanations why
satisfactory operation can be achieved with Pan's circuit
but not the fast circuit. First, as Pan stated, perhaps
no corona is formed with the fast circuit. Secondly, per-
haps the shape of the voltage pulse is important in deter-
mining the rate and degree of space charge build up in the
gap. Our results appear to support the latter explanation
rather than the former.
The experimental data previously presented are in
opposition to Pan's statement that no corona is formed when
the fast circuit is used. With the trigger inactive, it
has not been possible to achieve a uniform glow discharge
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with either the fast circuit or Pan's circuit. Operation
of the circuits with no trigger has produced either no dis-
charge or arc formation regardless of the other circuit
parameters. The presence of a uniform glow region, however
small, with the fast circuit when the trigger is activated
points to the formation, to some extent, of corona.
It appears reasonable that space charge build up is
the differentiating factor in the operation of the two cir-
cuits. The Townsend criterion for formation of a self-
ex 6
sustaining avalanche m a gap is that ye >_ 1 where y is
the probability that a positive ion will liberate a new
ot 6 •
electron from the cathode and e is the number of positive
ions produced by an initial electron in going distance 6
[11].
Experiment has shown that both y and a are related
to the voltage applied to the gap through a functional de-
pendence on E/p where E is the electric field strength and
p the pressure in the gap. There is then some critical
voltage (V ) which corresponds to the equilibrium condition
ye =1. For a voltage greater than this critical voltage
space charge build up is experienced in the gap. Figure 7
shows that any time t < T the fast circuit gives a greater
voltage across the gap than does Pan's circuit. Therefore,
for any value of V > V the fast circuit operates in theJ max c r
region of space charge build up for a longer period of time
than does Pan's circuit. This situation leads to a higher
probability of arcing for the fast circuit.
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The requirement for a glow discharge without arc
formation is that the gap voltage (V) must be greater than
V for a time less than the arc formation time. Pan's cir-
c
cuit is more appropriate for glow discharge operation
because for a given V and a given i its voltage spends& max fa r & r
less time above V than the voltage of the associated fast
c &
circuit. Nevertheless, there can obviously exist appro-
priate V and t for the fast circuit such that V > Vr max r c
for a time less than T f . Under such conditions, the fast
circuit will lead to a glow discharge in the gap. We have
indeed demonstrated that such a glow condition does exist
using the fast circuit.
2. Effect of L"
Early in the course of the experimental work, when
operating with a 2 cm gap, great difficulty was experienced
in getting currents greater than 1200 amperes under any dis-
charge conditions using Pan's circuit (Figure 6). It was
thought that by changing Pan's circuit to that shown in
.'.
Figure 8 through the addition of L this problem could be
ft
overcome. The purpose of L was to initially reduce the
current, and therefore the energy, lost through R, the
drainage resistor. When L is not in the circuit, the cur-
rent I„ through the resistor is similar to that shown in
Figure 9a. For this configuration V = I • R. As V in-& & x R x
creases, I_ increases linearly.
The addition of L changes the relationship between
the voltage V and the current through the resistor I R .
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Now, V = I RR + L dI R/dt. It can easily be seen that, for
A
a given V , I_. is less when L is added to the circuit than
when Pan's circuit is used. This is particularly true dur-
ing the initial stages of the pulse when dI R /dt is large.
The resulting pulse shape of I R is shown in Figure 9b.
The expected results were found experimentally. A
><.
reference shot was fired with L =0 using the following
parameters
:
V = 22.5 kV Energy in = i C V 2 = 42.27 joules
o 2 m o J








A good glow with some fingers was observed yielding:
I = 1200 amperes (2/MR/27)
max r
Ic = 4400 amperesR max r
V = 20 kV
max
Total Energy in discharge = 9.14 joules
Efficiency = .2162
Addition of L 11.5 yh yielded the following:
I = 1600 amperes (5/MR/27)
max *
I„ = 4200 amperes
R max r
V = 21 kV
max
Total Energy in discharge = 20.85 joules
Efficiency = .4932
As can be seen I was increased, I_, decreased and the
max ' Rmax




At this time and throughout the course of the exper-
imental work other minor circuit changes were experimented
with. These consisted mainly of adding tuned L-C configura-
tions to the circuit in series with the drainage resistor.
None of these investigations were extensive and none of them
appeared to be too promising.
The L circuit" was used repeatedly but never exten-
sively investigated until late in the work with the 6 cm gap
At that time an extensive effort was again made to optimize
the L circuit. Again, a reference shot was fired using
Pan's circuit with the following parameters:
V = 60 kV Energy in = 660.6 joules
C = .367 yf
m
C = .05 yf
2







A powerful uniform discharge was obtained yielding the
following
:
1 = 3550 amperes (46/MA/12)
max r
V = 6 3 kV
max
P = 21.1 x 10 7 watts
max
Total Energy in Discharge = 285.34 joules
Efficiency = .432
The addition of L yielded the following:
I = 3800 amperes (22a/MA/13)
Ilia,a
V
rr^ V = 53 kVmax
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P = 19.5 x 10 7 watts
max
Total Energy in Discharge = 265 joules
Efficiency = .401
So, the improvement seen at the 2 cm gap while
operating with lower voltages and currents was not univer-
sal. The total energy delivered to the discharge for the
conditions with and without L at 6 cm gap is the same to
within experimental uncertainty.
D. INVESTIGATION OF THE EFFECTS OF THE TRIGGER
The circuit shown in Figure 10 was used to carry out an
experimental procedure aimed at quantifying the effects of
the trigger. The trigger was made inactive by connecting
the high end of the trigger capacitor (C ) to the cathode.
The active trigger circuit was the same circuit as that pre-
viously referred to as Pan's circuit, Figure 6.
The following investigative procedure was used. The
values of C , x , R and the He% were established and held
m' r
constant throughout the entire investigation. With the
trigger active, V
,
the potential across the Marx generator
at the time of firing, was slowly increased until arcing
occurred. The trigger was then made inactive and the pro-
cedure repeated.
In general, the following behavior was observed. When
the trigger was active, a uniform glow discharge was ob-
tained and I , the maximum value of current achieved dur-
max
'
ing the discharge, increased with V until arcing occurred.
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Values of I ranging from 1000 amperes to 3000 amperes
were not unusual. Arcing occurred at a Marx generator
A
voltage V = V . It was found that V , the maximum volt-& o o max
'
age across the gap during the discharge, was generally less
than V and appeared to be independent of V . This will
o ^r r o
be discussed in greater detail in a later section of this
paper.
With the trigger inactive , at sufficiently low voltages
,
no visible discharge was observed. As the voltage (V ) was
increased, minute streamers began to appear. They appeared
at the anode edges and grew toward the cathode as shown in
Figure 11. The streamers were confined to the edges of the
electrodes. The streamers were pink in color and grew from
white "spots" on the anode. The pink color of the
streamers was associated with the nitrogen in the gas mixture
The length of the streamers increased with increasing V
until they completely bridged the anode-cathode gap. The
number of streamers growing from the anode appeared to cor-
respond to the number of ridges on the cathode. The shape
of the streamers closely matched the expected "bowed out"
shape of the field lines associated with the edges of a
parallel plate capacitor. Increasing V led to increasing
brightness of the streamers , then to the appearance of white
spots where the streamers contacted the cathode and finally
to the development of one single powerful arc.
It was found that under inactive trigger conditions
V varied linearly with V . This was not unexpected since
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the observed discharge was extremely weak except when arc-
ing occurred. The precise value of V for any given V& r max J b o
was , of course , determined by the value of R used in the
circuit. It was not unusual to find values of V > V
max o
for sufficiently large values of R. The values of I ob-J b max
served for the inactive trigger condition were extremely
small, less than 100 amperes, except when arcing occurred.
In an effort to attach some numbers to the above quali-
tative discussion, the following results of a typical in-
active-active trigger investigation are presented. The
parameters common to both circuits were:
Gap Width = 6 cm





L = 18.1 yh
C = .004 yf
R =10.2 ohms











When V was varied, holding all other parameters constant,
the following results were obtained:
1. Under inactive trigger conditions, the value of
V (V at arcing) was greater when the 87.5% helium
o o
mixture was used than when the 95% helium mixture was
used. Specifically, for the 87.5% He mixture v"=48 kV





2. The value of V for the active trigger configura-
tion was found to be well above that observed for the
inactive configuration when either gas mixture was
used. More precisely, at 95% He with an active trigger
V = 60 kV while with an inactive trigger V = 39 kV
.
o fa o
It is important to note that this data is not meant to
imply that the maximum voltage across the discharge gap
in an arcing condition, V , is greater with the activefa max ' &
trigger configuration than with the inactive trigger
configuration. When a powerful discharge occurs in a
relatively high helium percentage gas mixture V < V .J b r & & max Q
This is caused by the low plasma resistivity across the
gap. This is discussed in greater detail in a later
section of this paper. Conversely, for the inactive
trigger with R=10.2 ohms V was found to be greater&& max &
than V .
o
E. INVESTIGATION OF THE EFFECTS OF GAS ADDITIVES
During the course of experimentation, it was often found
that when arcing would occur at a given V
,
satisfactory
operation could be achieved for that same voltage by increas-
ing the flow rate of the gas mixture into the cavity, i.e.,
the arcing probability for a given set of discharge conditions
seemed to depend on the gas flow rate.
For example, operating with Pan's circuit configuration,
Figure 6, with the following parameters:




R = 17.1 ohms
L = 18.1 yh
C = .075 yf
2
C = .004 yf
He% = 92.5%
3
it was found that for a gas flow rate of 36,694 cm /min a
uniform glow discharge was achieved for V = 48 kV . When
the voltage was increased to V =51 kV at this same flowto o
rate j arcing occurred. However, by increasing the flow
3
rate to 47,130 cm /mm, uniform glow discharge operation
was achieved at V =51 kV ( 47 ,48/MA/2 )
.
o '
Results such as these led to a short statistical study-
to isolate the effect of flow rate on circuit operation.
For this study, Pan's circuit was used with the following
parameters
:
V = 57 kV (A,B,C/MA/7)
C = .367 yf
m
R =8.69 ohms




C = .004 yf
He%= 9 2.5%
3It was found that operating with a flow rate of 58,000 cm /
min gave reproducible glow operation. No arcs were observed
3
with this flow rate. Decreasing the flow rate to 27,614 cm




For an intermediate flow rate (35,700 cm /min) 40% of the
shots arced while the remaining 60% produced a uniform
glow discharge. In all cases three minutes elapsed between
shots. During this time, the gas continued to flow.
There appear to be three possible explanations for
these results
.
1. Increased cooling of the gas mixture due to the
increased flow rates.
2. Dynamic effects in the cavity due to the increased
flow rate
3. Increased overpressure in the cavity resulting in
fewer impurities in the gas mixture.
Simple calculations will suffice to show that neither
number 1 nor number 2 above could be the mechanism leading
to improved operation at higher flow rates.
The total volume of the lucite cavity, including the
3
volume occupied by the electrodes is 4826 cm . Thus, even
the lowest flow rate used in the statistical study replaces
all of the gas in the cavity nearly six times during the
three-minute waiting time between shots. This is entirely
sufficient to insure that each shot, whether with the high-
est or lowest flow rate , was fired with the same gas
temperature
.
3The highest flow rate used was 58,000 cm /min. As pre-
viously stated, the gas mixture entered the cavity through
five 1/4 inch inlet ports. This produced a flow velocity
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into the cavity of 576 cm/sec. For a pulse width of 3usec
then, the distance that a particle would travel due to
this streaming velocity would only be on the order of .018
mm. Thus, even for the highest flow rate the dynamic
effects produced by the flow rate would be insignificant.
It seems then that the improved operation at higher
flow rates can be attributed to the increased overpressure
and corresponding decrease in impurities in the cavity at
the higher flow rates.
In order to isolate the effect of impurities on the
discharge, the following procedure was used. A condition
was established which was close to an arcing condition,
but which would yield a glow discharge on a reproducible
basis. Using Pan's circuit with the following parameters:
C = .167 yf
m
R =5.8 ohm
L = 7.9 yh
C = .016 yf
He%= 95%
V = 2 2.5 kV
o
glow discharge resulted in:
V = 18 kV (10h/MR/28)
max
I. = 1000 amperesA max r
1^, = 4000 amperesK max
Approximately .6% impurities were introduced into the cavity
in the form of oxygen (0~) and freon (CC1„F„). Introduction
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of either gas led to arcing. In the absence of either gas
a return to the reference condition above again produced a
uniform glow discharge.
Thus , the presence of even small amounts of at least
some impurities can have very undesirable effects on the
operation of double discharge C0„ TEA lasers.
Experimental results presented by Deutsch [13], and by
Grigoriu and Brinkschulte [14] show that not all additives
produce detrimental effects on the discharge or lasing op-
eration. Deutsch investigated the addition of hydrogen to
the gas mixture. He found that addition of 3% - 10% hydro-
gen lead to a more uniform discharge and suppressed the
formation of arcs, making possible an increase in the output
and the gain by a factor as high as 2. Deutsch felt that
two possible explanations for the increased gain were:
1. The promotion by the hydrogen of rapid relaxation
of the C0„ molecules excited to the lower laser level.
2. More efficient utilization of the discharge volume
as a result of a more uniform discharge.
He presented the following as possible mechanisms contribut-
ing to arc suppression:
1. Cooling of incipient streamers due to the enhanced
vibrational energy transfer produced by the hydrogen.
2. An alteration, by the hydrogen, of the chemistry of
the discharge by reducing the net dissociation of C0~
into CO and 0„ and by altering the concentrations of
ions in the discharge.
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Grigoriu and Brinkschulte similarly found that they
could achieve a more uniform glow discharge through the
addition of small amounts of xylene to the laser gas mix-
ture. They attributed the improved operation to the low
ionization potential of xylene.
Care must be taken not to generalize the results of
these experiments. Both experiments were performed using
electrode configurations similar to that presented by
Pearson and Lamberton [9]. As discussed in an earlier sec-
tion photoionization is the dominant preionization mechanism
in such a configuration. Our laser, on the other hand, is
dependent on corona formation near the cathode surface . In
addition both lasers were operated with fast rise times
(-300 nsec for Deutsch's configuration) and short pulse
width (400-600 nsec). Grigoriu and Brinkschulte in fact
emphasize that the only critical parameter for improved
operation of their system with the addition of xylene was
that the current pulse not exceed 400 nsec in width.
Thus while it is interesting to note that some additives
produce improved operation of some laser configurations , it
can be seen that the systems must be considered individually
Because of the different dominant preionization mechanisms
and radically different pulse widths , it is not clear that
any benefit would be derived through the addition of either




A. DEPENDENCE OF I AND P ON t AND He%
max max r
Figure 12 shows the anode current as a function of both
the rise time (x ) and the helium percentage of the gas mix-
ture used. In all cases the remainder of the gas mixture
was composed of equal parts carbon dioxide and nitrogen.
The parameters common to all of the "shots" used to collect
the data given in Table II and depicted in Figures 12 through
14 were
:
C = .167 yf
m
C. = .004 yf
L =
The circuit used was that shown in Figure 6. The values of
R and V were varied to yield the maximum possible value of
I . The value of I plotted, then, is the maximum value
max max ^ ' '
of current that could be obtained for the given values of
ft
He%, t . C
, C. and L .5 r ' m' t
It should be noted that the region of variation of both
the helium percentage and rise time is quite narrow. The
minimum rise time was limited to -.7 ysec by the operation
of the Marx generator. A search of rise times above 3.6ysec
was not conducted because the trend of the performance indi-
cated that such a search would be uninteresting at this
point, i.e., performance was degrading. Limits on He% were




Data for Figures 12 through 14
max
V
max V He% Code
(usee) (yh) (uf) (amp) (kV) (kV) (10 watt)
1.1 5.7 .008 1200 36 36 4.32 87. 5 34/A/ll
1.1 5.7 .008 900 44 44 3.06 95 25/A/ll
1.6 11.5 .018 500 52 52 2.60 85 10/A/5
1.6 11.5 .018 700 48 40 2.80 87. 5 10/A/6
1.6 11.5 .018 1100 40 36 3.96 90 5/A/6
1.6 11.5 .018 1800 44 40 7.20 92, 5 37/A/5
1.6 11.5 .018 2400 28 24 5.76 95 53LVA/5
2.1 18.1 .025 1200 45 40 4.80 87. 5 15/A/10
2.1 18.1 .025 1900 30 20 3.80 92, 5 3/A/10E
2.1 18.1 .025 2600 30 28 7.28 95 14/A/10E
2.7 18.1 .05 1400 60 60 8.40 85 17/A/17
2.7 18.1 .05 2500 58 48 12.00 87. 5 31/A/17
2.7 18.1 .05 3400 50 40 13.60 90 12/A/17
2.7 18.1 .05 3100 46 32 9.92 92. 5 40/A/12E
2.7 18.1 .05 3000 40 30 9.90 95 9/A/12E
3.0 30.5 .05 250 52 52 1.30 87. 5 73/A/19
3.0 30.5 .05 3100 52 52 16.12 90 64/A/19
3.0 30.5 .05 3150 48 41 12.80 92. 5 51/A/19
3.0 30.5 .05 2700 39 38 10.26 95 36/A/19
3.6 30.5 .075 220 56 40 0.88 85 25/A/19
3.6 30.5 .075 • 380 53 44 1.672 87 5 21/A/19
3.6 30.5 .075 700 44 36 2.52 90 ll/A/19
3.6 30.5 .075 2600 48 40 10.40 92 5 21/A/18
3.6 30.5 .075 3100 40 28 8.68 95 ll/A/18
V = Voltage corresponding to I
max




at 85% helium and the' trend observed as the He% was de-
creased from 95% indicated that an extensive search at
lower helium percentages would be both uninteresting and
futile. Brief excursions into the region of very low
helium percentages throughout the entire experimentation
time indicated that the trend noted in the data was an
accurate one and nothing had been lost by not pursuing an
intensive search further. Helium percentages above 9 5%
were not looked at because of the small amount of C0 9 , the
active medium, in such a mixture.
This discussion is not meant to infer that any other
laser configurations or even any other double discharge
lasers configured similarly to this one are constrained to
the same narrow operating region. As pointed out earlier,
many laser configurations rely on different mechanisms for
their operation and are constrained to operate at differ-
ent (shorter) rise times. Interestingly enough, even the
laser used by Pan [3], a very similar configuration to
that used here, operated best with gas mixtures containing
much lower concentrations of helium (60%-80%) and a shorter
optimum rise time (on the order of 2 usee)
.
Several trends can be noted from the data presented in
Figures 12 and 13. The most obvious effect is the rapid
decrease seen in the maximum attainable current as the
helium percentage decreases . This effect is most pronounced
at the longer rise times, i.e. 3 usee and 3.6 usee. At
T = 3 usee the current decreases from 3100 amperes at 90%
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He to 250 amperes at 87.5% He. At t =3.6 ysec the cur-
rent decreases from 2600 amperes at 92.5% He to 700 amperes
at 90% He. A marked change in discharge appearance accom-
panied this precipitous decrease in I . The glow dis-
charge yielding the high currents, in general, was bright
and appeared to be very uniform throughout the entire dis-
charge volume. The discharge yielding the lower currents
appeared to be very stratified, i.e., composed of many
fingers. It was interesting to note that the low current
discharges at t =3.6 ysec and 3.0 ysec appeared to be
very similar to the discharges observed when the trigger was
inactive. The discharges were weak and the streamers ob-
served grew from the anode. They appeared to follow the
"classical" electric field lines expected at the edges for
finite flat electrode geometry, i.e., they tended to be
bowed outward at the edges of the electrodes. The fingers
were not observed at any areas of the electrodes except
near the edges. This behavior was observed to accompany
the low current discharges only for the longer rise time
circuits. The low current discharges observed with the
shorter rise time circuits had a stratified appearance but
the fingers were not confined to the edges of the electrodes
and were not bowed outward. It therefore appears that the
mechanisms limiting the discharge operation at low helium
percentages for short and long rise times are different.
We are not prepared to speculate about the precise limiting




The values of power plotted on Figure 14 are those
values of power obtained at the times corresponding to the
maximum current plotted in Figure 12 . It can be seen that
at almost all rise times given P falls off at 95% Heto max
when compared to 92.5% He and to 90% He, whereas I is^ ' max
consistently high at 95% He. This occurs because at higher
helium percentages the plasma resistance during the dis-
charge is lower since the electrons reach a higher T [2],
So, for similar currents the voltage across the discharge
is appreciably lower at 95% He than at 92.5% or 90% He.
It can then be seen from the figures that while the
regime for glow discharge operation is narrow, the optimum
operating region is only a small part of that. The quality
of operation decreases rapidly away from this optimum
region. With respect to power the optimum operating condi-





This condition yielded a power of 161.2 MW with an asso-
ciated current of 3100 amperes (64/A/19).
B. DEPENDENCE OF I AND V ON V
max max o
When operating in a regime in which V
,
the voltage
applied, was well above the glow discharge threshold, the
trend of operation observed was very interesting. The
applicable data (V , V and I ) from two series of* r o * max max










He% = 90% R = 16.8 ohms L =


















V and I vs V (5-9/A/10)
max max o
17.5% R = 7.6 ohms L = 2.7 yh C




















Figures 15 and 16. The error bars used for V are' ±2 kVto max
and represent the accuracy that can be expected in taking
the voltage data from the scope traces. It was felt that




Because of scaling limitations, the error bars aren't shown
on the figures. It can be seen that in Figure 16 a 25%
variation in V results in only about an 8% variation in
o
V but a variation in I which is slightly greater than
max max to J fa
145%. Similarly, Figure 15 shows an 8% variation in VJ
'
& max
but a 45% variation in I corresponding to a 25% increase
max r &
in V . These were not isolated instances of this behavior,
o
The same behavior was observed throughout the course of
experimentation and appeared to be dependent only on the
fact that the region of operation was one in which favor-
able operation could be achieved well above the glow dis-
charge threshold. Operating in regions near the glow
discharge threshold yielded results in which V increased& J max
nearly linearly with V .
C. VARIATION OF DISCHARGE RESISTANCE AS ARCING IS
APPROACHED
The data presented above has some interesting implica-
tions for dischargee conditions which lead to arcing. It
was found that for a given condition if all other parameters
were held constant while V was increased, eventually arcing
would occur. However, as was pointed out, as V was in-
creased, V remained essentially constant. Thus, as far
max J
as the discharge was concerned, the maximum applied voltage
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had not changed. An interesting question arises then--in
the production of an arcing condition, what threshold has
been exceeded? Clearly, since V essentially remainedJ max J
unchanged, the arcing threshold is not a simple voltage
threshold
.
In order to investigate the change in the discharge
conditions accompanying the approach of the arcing thresh-
old, the graphs presented in Figures 17 through 19 were
plotted (Tables V through VIII). The parameters common to
all of the shots were
:





- C = .004 yf
L = 18.1 yh




The voltage was varied on successive shots from V = 51 kVto o
to V = 58 . 5 kV. Arcing occurred at V = 58.5 kV
.
o 6 o
Careful investigation of the graphs shows them to be
similar in shape and to have minimum values of approximately
the same magnitude right up until the time at which arcing
occurred. In comparing these curves, it must be noticed
that different scales were used on each graph. There does
not appear to be any dramatic change in the fi(t) curve for
an arcing condition, as compared to a non-arcing condition,





fi(t) : Arcing Trend Investigation (10/A/17)
Time (ysec) Current (amperes ) Voltage(kV) V/I= ft (ohms)
1.4 .0 40 oo
1.6 100 48 480.0
2.0 1000 52 52.0
2.4 2200 49 22.3
2.6 2600 46 17.7
2.7 2700 45 16.6
2.8 2600 44 16.9
3.0 2300 42 18.3
3.4 1400 32 22.8
3.8 400 22 55.0
4.0 100 20 200.0
4.2 12
TABLE VI
ft(t): Arcing Trend Investigation (ll/A/17)































fi(t): Arcing Trend Investigation (12/A/17)
V = 57 kV
o
Time (ysec) Current (amperes ) Voltage(kV) V/I= £2 (ohms)
1.4 40
1.6 400 48 120.0
1.8 500 50 100.0
2.0 1400 52 37.1
2.4 3000 50 16.6
2.6 3300 46 13.9
2.7 3400 44 12.9
3.0 2700 40 14.8
3.4 1500 28 18.6
3.8 400 18 45.0
4.0 200 14 70.0
4.4 9
TABLE VIII
fl(t): Arcing Trend Investigation (13/A/17)
Time (ysec) Current (amperes ) Voltage(kV) V/I= 9. (ohms)
1.4 20 oo
1.6 500 28 56.0
2.0 2000 45 24.5
2.4 3300 54 16.4
2.6 -3600 52 14.4
2.7 3700 49 13.2
2.8 3500 48 13.7
3.0 2900 46 15.9
3.6 1200 43 35.8
4.0 600 30 50.0
4.2 27 oo
4.8 5 co
5.0 500 8 16.0
5.2 900 8 8.9
6.0 1800 8 4.4
6.2 1700 12 7.0
6.4 1400 10 7.1
6.8 600 8 13.3
7.0 200 8 40.0
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So again, the question can be raised--"How does the
plasma know that V has been changed? " As can be seen in
the tables , I exhibited a strong dependence on V . In
' max e» r-
addition, the tables show that at the time of I , V is
' max
'
greater under the arcing condition than under the non-arc-
ing conditions
.
It therefore appears that there are two quantities of
interest to be considered in the investigation of the con-
ditions which limit the operation of the double discharge
in high current regimes. These quantities are I and thea & ^ max
relationship of I(t) and V(t). It can be seen from the
tables and figures presented that it was this latter quanti-
ty which kept fi(t) . relatively unchanged as I increasedJ ^ mm J & max
with increasing V .& o
D. DEPENDENCE OP V ON He%
max
The results of the investigation of the dependence of
V on the helium percentage present in the gas mixture
max r & r &
are presented in Figure 20. Briefly, it was found that un-
der conditions which yield a strong discharge (I > 1000J & & max
amperes), the maximum voltage across the discharge, V , is
xr 3 to to 3 max
strongly dependent on the He% of the gas mixture. At the
same time, V appears to be relatively independent of t
,
' max rr j v r
R, L and V . As Figure 20 clearly shows, in general V
o & ^ j to max
tended to decrease with increasing helium percentage. This
dependence is believed to be due to an increase in the dis-
charge plasma conductivity with increasing helium percentage
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This investigation was carried out with a 6 cm gap. The
behavior, however, is consistent with that observed earlier
with a 2 cm gap [2].
This relationship was found to hold except when a re-
duction in helium percentage resulted in a severe degrada-
tion of the discharge. The result of discharge degradation
can be seen on the curve for x =3 ysec in Figure 20. The
reduction from 90% He to 87.5% He was accompanied by a de-
crease in I from 3100 amperes to 250 amperes, a decrease
max ^ r •>
which represents a severe degradation of the discharge.
With 90% He in the gas mixture, a bright, uniform plasma
was produced in the gap; whereas, with the 87.5% He mixture
the discharge consisted of many weak fingers concentrated
around the electrode edge. No bright uniform plasma was
produced. This abrupt change in the discharge plasma pro-
perties is reflected in the break in the curve (x = 3 ysec)
in Figure 20.
The reduction in V for the "weak discharge condition"
max &
can be explained in the following way. In the weak dis-
charge, the plasma conductivity cannot "control" the gap
voltage. Under these conditions, it is found that V >
V . In addition, arc formation begins at relatively low
values of V under the weak discharge conditions. This is
o to
probably due to the absence of the strong preionization
with its tendency to even out the electric field concentra-




The dependence of V on He% pointed out in the pre-r max r v
vious section leads on to speculate that the equilibrium
condition of the plasma is dependent on the helium percent-
age of the gas mixture rather than on V . The equilibrium
condition of the plasma is characterized by the quantity
(E/p) where E = V /d is the electric field (V/cm) inr max max
the gap and p is the pressure (torr) in the gap. Table IX




Calculated Values of (E/p)
max
He% (E/p) (V/cm-torr) Shotr max
95% 8.8 (20/A/17)
90% 11.4 ( 7/A/17)
85% 12.9 (17/A/17)
It is interesting. to note that these (E/p) values are& r max
generally lower than the value of 14 V/cm«torr generally
thought of as the optimum value for such double discharge
systems
.
The question may arise, "How valid is the parameter
(E/p) ?" The following brief calculations were performedr max & r




At 95% He, (20/A/17) :
V 3
max 40 x 10(E/p)
max " p~d (760)(6)
= 8.8 V/cm'torr
The discharge resistance of the gap is given by




where 3.4 x 10 V is the voltage across the gap at the time
corresponding to I . Then the resistivity is given by:* b max j & j
ftA (13M.09) 1Q _ ,n = 3— = —7—p^rr = 19.7 ohm tiid \ . 06
;
Taking into account electron collision cross sections with
each of the gas constituents, the effective rate of momentum
transfer collisions is given by:
v ff ={ [ .95(4.3)+ 0.25(9) + . 025(11. 5)]x 10
_8 }2.5 x 10 19
= 1.1 x 10 sec
The calculation for v ffr is explained thoroughly in Ref.[2],






where m is the electron mass and e is the electron charge.
Substituting in the values for m and e yields:








2.6 x 10 3
_
5 amps
°max A .09 ' '^ x ±u ~2
m
But , J = n e V ne D





.29 x IP 5 "
(2xl0 12 )(1.6xl0~ 19 )
= 9.1 x 10 6 SB
sec
These results are encouraging. Since the value calculated
for n is typical of the electron densities expected for
such systems and V~ agrees quite well with the value ex-
pected in 100% He at E/p=8.8, it appears that (E/p) may
be a useful parameter for characterizing such double dis-
charge configurations
.
F. DEPENDENCE OF DISCHARGE RESISTANCE ON He%
The data presented in Tables X through XIV is plotted
in Figures 21 through 23. The parameters common to all of
the shots used to collect the data were
:
C = .167 yf
m









It must be noted that although the time scales for the
three plots are the same, the scale of the discharge resist-
ance is different in each case. Nevertheless, careful
study of the tables and figures shows several interesting
trends. First, the minimum value of plasma resistance dur-
ing the discharge increases with decreasing helium percent-
age in the gas mixture. As an example, the minimum value
attained with the 95% He mixture was 12.3 ohms while the
resistance for the 90% He mixture got only as low as 16.92
ohms and the 85% He mixture had a minimum resistance of
2 6.66 ohms.
Secondly, it can be seen that in addition to the higher
helium percentage mixtures having a lower minimum value,
the discharge resistance stays low for a longer period of
time .
These two trends comprise what was referred to as the
"window condition" in Ref. 2. It was discussed in great
detail there.
It should be noted that these two trends can be observed
through direct comparison of any two conditions except the





n vs t: Variation with He% (11/A/12E)
He% = 9 5% V = 48 kV R = 27.1 ohms
o




2.0 1700 38 22.4
2.2 2000 38 19.0
2.4 2600 36 13.8
2.5 2750 36 13.1
2.8 2600 32 12.3
3,0 2000 28 14.0
3.4 1000 21 21.0
3.6 600 16 26.6
3.8 200 8 40.0
4.0 6 «>
ft vs t: Variation with He% (33/A/12E)
He% = 92.5% V = 54 kV R = 27.1 ohms
o
Time (ysec) Current (amperes Voltage(kV) V/I= ft(ohms)
1.4 .0 36
1.6 300 40 133.0
1.8 600 48 80.0
2.0 1400 46 32.8
2.2 2200 43 19.5
2.4 2600 41 15.7
2.6 2850 40 14.0
2.7 2900 40 13.7
2.8 2850 39 13.6
3.0 2300 36 15.6
3.4 1200 18 15.0





fi vs t: Variation with He% (7/A/17)
He% = 90% V = 54 kV R = 25.8 ohms
o




1.8 200 52 260.0
2.0 900 50 55.5
2.2 1600 48 30.0
2.3 2000 48 24.0
2.6 2400 45 18.8
2.7 2600 44 16.9
2.8 2500 44 17.6
3.0 2100 40 19.0
3.5 1000 28 28.0
4.0 100 14 140.0
4.2 8
TABLE XIII
R = 2 5.4 ohms
Time (ysec) Current (amperes ) Voltage(kV) V/I= ft(ohms)
1
1.8 100 58 580.0
ft vs t : Variation with He%























n vs t: Variation with He% (17/A/17)
R = 2 5.5 ohms
Time (ysec) Current (amperes ) Voltage(kV) V/I= fi(ohms)
1
1.8 200 55 275.0
2.1 600 58 96.7
2.3 1300 56 43.1






















The purpose of this section is to report on the PRE-
LIMINARY efforts to couple the EM energy at 10.6 microns
out of the discharge. At this time lasing action has been
achieved using a number of different mirror configurations
for the optical cavity. Cavity lengths varying from 14 2 cm
to 157 cm have been used.
The mirror configurations used to date have included
a front mirror with partially transmitting characteristics
as well as a number of polished copper mirrors with a hole
at the center to provide the output coupling. The mirrors
which have been used have had holes varying from 1/8" to
3/4" in diameter. Both a flat polished copper mirror and
a concave polished copper mirror with a 1.5 m focal length
have been successfully used as the back mirror. The speci-
fic mirror configurations used are" indicated in Table XV.
Although many cavity configurations were looked at
,
only one discharge condition was used for the brief lasing
study. The parameters of this condition were:
C = .367 yf
m





C. = .004 yf
t






%/N % = 90%/5%/5%
These parameters typically yielded:
I ~ 3000 amperes
max — r
V - 56 kV
max —
T ~ 2.9 - 3.0 ysec
r — K
The energy coupled into the discharge was on the order of
175 joules/pulse.
The total EM energy output per pulse was measured using
a Westinghouse Model RN-1 Laser Radiometer. This radiometer
is designed to trap the beam energy from a laser in a bundle
of fine , insulated copper wire which functions both as a
calorimetric mass and as a bolometer element. The change
in resistance of this wire element is proportional to the
energy absorbed and is practically independent of the dis-
tribution of energy within the unit. The bolometer element
is part of a conventional Wheatstone bridge circuit and the
change of balance of the bridge is a measure of the beam
energy. A photon .drag detector with a 10 nsec rise time
was used to measure instantaneous laser output power.
The maximum energy output per pulse that has been
achieved at this time is 5 joules/pulse. A sketch of a
laser output trace, having only 1.5 joule/pulse and peak
power of only 1.3 MW, taken from the photon drag detector is
shown in Figure 24. The discharge current trace is shown























"X" indicates a configuration with
which lasing has been achieved.
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1. It rises very rapidly after the discharge
current reaches its peak value.
2
.
There are two distinct portions of the power pulse
--an initial spike approximately . 4ysec wide and a
long tail greater than 2usec long.
The shape of the power pulse and its timing relative to
the current are similar to the results achieved by others
with double discharge lasers. Its shape can be easily ex-
plained in terms of the energy level diagram in Figure 25.
The initial spike is due to stimulated emission from C0
?
molecules which have undergone direct electron excitation
to group II. These molecules fall to the lower laser level
(group I) by stimulated emission until the populations of
group II and group I levels are equal. Laser power output
then falls off rapidly. After approximately . 37ysec, the
lower laser level (group I) depopulates and the population
inversion is again rebuilt so that the rapid fall off in
output power is halted. Finally, resonant transfer from
the excited N
2
molecules (group III) continues to pump the
CO2 upper laser level for a time on the order of 2 to 3
ysec. This contributes to the long tail on the power pulse.
Since the energy stored in the Marx generator with V =
60 kV is approximately 660 joules, it can be immediately
recognized that a 5 joule output represents an efficiency
of only about .75%. It must be emphasized that this 5 joule
output is representative of very preliminary efforts. It is
expected that with further work and higher quality optics
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an output energy of about 11 joules/pulse can be achieved.
This estimate was arrived at in the following manner. In
a similar double discharge laser built by Pan [3], a total
energy of 341.25 joules was delivered to the discharge.
His volume was 5.52 liters. Pan was then able to couple
out 17 joules/liter of 10.6 micron radiation. This gives
a coupling efficiency of 27.6%. Figure 26 shows the volt-
age and current traces for Pan's laser. The similarity be-
tween them and the voltage and current traces characteristic
of the lasing condition presented here (Figure 27) is imme-
diately evident. It is important to note that the gas mix-
ture used by Pan contained only 60% He vice the 90% used in
this configuration. Pan therefore had four times the active
molecule (C0„ and N~) density as is present in this configu-
ration. Since coupling efficiency (for similar discharge
conditions) will depend only on resonant cavity losses and
density of active molecules, we assume that with optimiza-
tion of the resonant cavity we can achieve one-fourth the
coupling efficiency of Pan. By these similarity arguments,
since we put 175 joules into the discharge, we expect to be
able to couple out 2.06 joules/liter at the present lasing
condition by optimizing the resonant cavity. Our laser has
a volume of 5.49 liters. This yields an expected pulse
energy of about 11 joules.
By optimizing the resonant cavity and modifying the
operating conditions to those which have previously coupled
285 joules into the discharge, it would be expected that
about 18 joules/pulse could be coupled out.
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At the present time , it appears that the limitations on
output coupling are readily broken down into three cate-
gories. The first two limitations which will be discussed
can be easily eliminated. The third limitation may be of
a more permanent nature
.
The Brewster angle mounts for the NaCl windows were de-
signed for use with the 2 cm gap but are being used with
the 6 cm gap configuration. This design does not properly
align the windows with the gap. In fact, approximately 25%
of the gap is obstructed by the lower portion of the window
mount. This reduces the output energy by at least 25%.
This problem should be very easy to overcome with only a
slight modification or redesign of the existing mounts.
The work done thus far has shown that the optical com-
ponents in use at the present time are inadequate. Under
existing conditions
,
alignment of the optical cavity has
proven to be a difficult procedure and a very temporary
state of affairs. The current facilities for mounting the
optical components make them too susceptible to vibration
and it is very easy for the cavity to become misaligned.
This problem could be alleviated through the use of better
mirror mounts and an optical bench long enough on which to
mount all of the mirrors and aligning equipment. The acqui-
sition of a longer optical bench would also provide another
advantage. At present the optical bench allows a maximum
cavity length of only 157 cm. This length cavity does not
allow utilization of the full discharge volume. A longer
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bench would allow use of an unstable optical resonator con-
figuration which would provide more complete utilization of
the discharge volume. The preliminary work has also indi-
cated the desirability of acquiring better mirrors. The
scattering from the mirrors which can be readily observed
during the aligning procedure demonstrates the irregulari-
ties of the surface. Further demonstration was provided by
"microexplosions , " small intense flashes on the face of the
front mirror. The need for new mirrors is a financial
limitation only.
The following problem, on the other hand, may represent
a fundamental physical limitation of this system. " As men-
tioned very briefly earlier in this section, the energy that
could reasonably be expected to be coupled out from this sys-
tem is down by a factor of four from that achieved by Pan
[3] because he was able to operate at 60% He rather than 90%
He. The limited regime of operation of this system was fully
discussed earlier. Good discharge performance cannot be
expected for gas mixtures much below 90% He. This restricts
the density of active molecules to something on the order
18 — 3
of 2.5 x 10 cm and may well represent a fundamental
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BSTRAC T
Lasing has been achieved at 10.6 microns using a double
discharge C0
?
TEA configuration. The double discharge con-
figuration utilizes three electrodes. The third, "trigger,"
electrode in this particular device consists of glass encap-
sulated nichrome wires. The third electrode is responsible
for corona formation--the dominant preionization mechanism.
A parametric analysis of the discharge was conducted. The
discharge was found to be dependent on the gas mixture, the
gas flow rate
,
the voltage rise time and the voltage pulse
shape. It was found that satisfactory discharge operation
leading to lasing was limited to a very small region of
parameter space having a helium percentage of not less than
90% (with 5% C0~ and 5% N ), and a rise time on the order of
3 ysec. Lasing action yielded 5 joules/pulse. The energy
was limited by the optical components used, and it is felt
that the energy can be increased to approximately 18 joules/
pulse using different circuit parameters in conjunction with
improved optical components
.
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